The performance of thermoelectric materials is determined by a figure of merit, ZT = 2 / , where is the Seebeck coefficient, which gives the open circuit voltage per unit temperature difference, σ is the electrical conductivity, T is temperature, and denotes the thermal conductivity [1] [2] [3] . Optimization of electrical transport properties 2 , also known as the power factor (PF), and reduction of lattice thermal conductivity are effective ways to achieve high ZT [4] [5] [6] [7] . Maximizing 2 relies on engineering electronic band structures of materials, optimization of carrier concentration, and manipulation of carrier scattering. Much attention has been paid to the engineering of the band structure. Importantly, it was proposed initially by Hicks and Dresselhaus that the enhanced electronic density of states (DOS) per unit volume in two-dimensional (2D) quantum well and superlattice materials would give rise to highly increased power factors over the bulk values 7, 8 . However, it has been a big challenge to experimentally realize large increases in ZT over normal high-performance bulk thermoelectrics by this strategy. Some previous experiments, in which the quantum well width in the crystalline semiconductor is comparable to the charge carrier Bohr radius, showed that the power factor is not noticeably enhanced with reducing dimension of samples 9, 10 , leading to a scenario on whether 2D quantum confinement is a significant approach to enhancing power factor. Recent theory argued that the discrepancy between theory and experiments arises from a competition between the quantum confinement length and the thermal de Broglie wavelength 11, 12 .
Furthermore, it should be noted that enhanced DOS, while favorable for achieving high S, may also increase the carrier scattering, complicating the analysis. For thermoelectric materials with 2D quantum confinement, the power factor can only be considerably enhanced when the ratio of / is far less than 1. Moreover, many thermoelectric materials have complex band structures that are not well approximated by simple parabolic band models, again complicating the analysis. Therefore, it is imperative to have experimental data on carrier concentration dependent transport properties under controlled conditions. However, well-controlled and gate-tunable carrier density are inaccessible in the conventional quantum well thermoelectric materials, which increases the difficulty in achieving an optimal / ratio. Compared to the conventional quantum well thermoelectric materials, 2D layered semiconductor materials held together by weak van der Waals interactions can be readily fabricated into high-quality samples with controllable and continuously-varying thickness via topdown mechanical exfoliation 13 or bottom-up chemical vapor deposition approach 14 .
The carrier concentrations can be gate-tunable in such 2D layered semiconductors.
Therefore, they offer a promising platform to investigate the effects of quantum confinement on enhancement of 2 and thus thermoelectric performance.
In fact, 2D layered semiconductor materials such as MoS2 and black phosphorus have shown huge potential for high-performance thermoelectric devices [15] [16] [17] [18] [19] [20] [21] [22] [23] . 2D Indium selenide has recently been identified as one of high-mobility 2D materials at room temperature 24, 25 , and its bulk compounds have a large Seebeck coefficient of up to -400 μV/K [26] [27] [28] . According to the recent theory 11, 12 , realization of / ≤ 1 may make 2D indium selenide a highly promising thermoelectric material 29 , especially in light of its low thermal conductivity 30, 31 . Therefore, it is of crucially important to experimentally identify the critical condition associated with thickness of 2D indium selenide (InSe) below which the power factor could be greatly enhanced over its bulk form.
Here we present a joint theory-experiment study of the thickness dependence of thermoelectric transport properties in 2D InSe at various temperatures and gate-tunable carrier densities. We observe that the Seebeck coefficient and the power factor in thinner InSe samples at room temperature are much higher than the reported values of bulk samples. Based on ab initio calculations and Boltzmann transport theory, we attribute the enhancement of |S| and PF in thinner films to the shaper edge of the conduction-band DOS onset due to quantum confinement. More importantly, we experimentally verify that the power factor in 2D InSe can be drastically enhanced when the confinement length of sample is shorter than the thermal de Broglie wavelength, in agreement with recently-proposed theory 11, 12 . Our work offers a roadmap for improving the power factor of 2D semiconductors, and holds promise of paving the way towards realization of high-performance 2D thermoelectric devices. It finally realizes the promise of the initial studies by Hicks and Dresselhaus, and proves their predictions for strongly enhanced power factors in dimensionally reduced superlattices and quantum well thermoelectrics.
γ-phase InSe is a member of layered metal chalcogenide semiconductors with interlayer distance of about 0.8 nm (Figure 1a ) 24 . The thickness-dependent Raman spectra are shown in Figure 1b, Therefore, we carried out four-terminal resistance xx measurements via an AC lockin technique, with the corresponding four-terminal conductivity xx shown in Figure   2b ( xx = ( / )(1/ xx ), , is the length and width of the sample, respectively). Figure 2b ). The temperature dependence of mobility follows the conventional T -γ relation, with γ ≥ 1 at n =1.8, 2.1×10 12 cm -2 over the whole temperature range, indicating that the acoustic phonon scattering plays a dominant role for electron transport with possibly non-negligible additional contributions from optical phonons 24, 35 . The characteristic of phonon-limited scattering is usually seen in most high performance thermoelectrics.
The scattering mechanism limiting mobility not only affects the electrical conductivity but also the Seebeck coefficient in InSe samples 20, 23, 36 . Optimization of power factor has been challenging due to the countering variation of conductivity and is further reduced down to the subthreshold regime, measurement of S is challenging in the high impedance channel due to high noise level 37 . Decreasing temperature leads to a reduction in |S| as typical outside regimes with bipolar conduction. To understand the thermoelectric behavior, we performed first-principles calculations of the Seebeck coefficient S within the framework of the Boltzmann transport theory [38] [39] [40] for 12 layers (L) (close to 10 nm thick InSe sample used in the experiment) InSe film (Methods).
Note that the temperature-dependent electron mobility (The Inset of Figure 2b) indicates that the acoustic phonon scattering is the dominant electron scattering mechanism at T ≥ 90 K 24 . The acoustic phonon scattering in the 2D material systems gives rise to the energy ( ) dependent relaxation time (i.e., ( ) ∝ with = 0) 19, 35 , which reflects the flat DOS above the band edge for a 2D parabolic band. The calculated S values (dashed lines in Figure 2c ) are in quantitatively good agreement with the experimental data (symbols), especially in the region of larger electron concentrations and higher temperatures. The slight deviation at small electron concentrations and low temperatures may originate from other electron scattering mechanisms neglected in the calculations, which must be important at low carrier concentrations, since the different energy dependent scattering rates for other mechanisms, e.g. due to point defects, make them more important at low carrier densities.
As mentioned, engineering band structures to enhance power factors is a promising but challenging avenue for high performance thermoelectrics 7, 8, 41, 42 . Increasingly nm thick sample, the magnitude of Seebeck coefficient in the 7 nm thick sample is enhanced to 570 μV/K at the same carrier density of 0.7×10 12 cm -2 , which is much higher than the reported value (up to 400 μV/K) of bulk indium selenide 26, 27 . Note that this is in contrast to the expectation from the bulk carrier concentration, since reducing thickness at a fixed 2D carrier concentration implies an increased effective 3D carrier concentration by assuming a bulk-like sample. The Seebeck coefficients at room temperature are also much higher than that of black phosphorus thin films (up to 400 μV/K) with similar carrier density 17 . To interpret the variation of the measured Seebeck coefficient with the thickness, we calculated the Seebeck coefficients at corresponding thicknesses by combining first principles and Boltzmann transport equation, and then compared theoretical results (dashed lines in Figure 2d ) with the experimental data.
Notably, our calculations well reproduce the experimental results that reducing thickness of samples enhances the |S|. With the good agreement between the theoretical calculations and the experimental data, it is reasonable to attribute the enhancement of |S| in the thinner InSe films to the increased sharpness of the electronic DOS onset arising from quantum confinement 7, 8 .
To further prove the correlation between enhancement of |S| and confinementinduced increased DOS, we calculated and compared the electronic structures of the 9L and 36L thick InSe samples (Figure 3a) , corresponding to our 7 nm and 29 nm thick samples used in the experiments, respectively. We find that the width of bands, for instance the first group of conduction bands at Γ point, is substantially reduced in the 7 nm thick sample, and that the conduction bands become much less dispersive, which is justified by the increased electron effective mass from 0.145 m0 at 36L to 0.153 m0 at 9L. In addition, decreasing the thickness of sample from 36L to 9L enhances the DOS, and leads to sharper pre-edge of the electronic DOS (Inset at the upper panel of Figure   3b ) and increased hybridization of In 5s/5p and Se 4p orbitals (lower panel of Figure   3b ). Note that the enhancement of DOS in the thinner InSe sample is fully consistent with Hicks-Dresselhaus's claim that reducing the width of quantum well increases DOS per unit volume in their pioneering work. Within the size range studied, we also observe the generally enhanced conduction-band charge accumulation in thinner samples due to stronger quantum confinement (Figure 3c-d) .
The remarkable improvements of Seebeck coefficient in the thinner InSe samples results from the quantum confinement enhanced DOS, and may be expected to give rise to an increased thermoelectric power factor. We show the carrier density dependence of power factor at various temperatures (Figure 4a ), which is defined as PF = S 2 σ3D, with σ3D = σxx/h0, h0 being the thickness of sample. We observe that the PF value in the thinnest sample is increased by one order of magnitude with respect to the thick sample at similar carrier concentration. Particularly, the maximum PF= 0.18 mWm -1 K -2 in the 29 nm thick InSe sample at 300 K can be increased to 2.3 mWm -1 K -2 in the thinnest 7 nm sample at a common carrier density of 1.9×10 12 cm -2 ( Figure 4b ). The PF value shows a significant increase by 13 times. According to the Hicks-Dresselhaus's theory 7 ,
the decoupled thermopower and conductivity of in-plane transport can lead to an enhancement of the power factor in 2D material system when the dimensionality is Figure 3b ). This PF in 7 nm thick In sample is comparable to the reported value for WSe2 and monolayer graphene 16, 23 , and is competitive with some of the best bulk thermoelectric materials, e.g. within a factor of two of highly optimized Bi2Te3. For the much thinner InSe samples, the confinement becomes stronger and the power factor has a much larger enhancement, which is justified by the theoretical results ( Figure S7 in the Supporting Information). Note that our thinnest InSe sample for the PF measurement is 7 nm. It is very challenging to obtain reliable experimental PF data for the samples thinner than 7 nm due to the very large contact resistance by larger band gap in the thinner sample 24, 43, 44 . Furthermore, the physical picture becomes complicated in the very thin 2D layers with the even stronger quantum confinement. In particular, the carrier mobility may start to show effects of increased scattering, e.g., due to reduced dielectric screening 45 . In addition, other factors, such as the surface/interfacial scattering and the band bending effect in gated nanoflakes may also play non-negligible roles. However, we are not in that regime yet and it is not clear if and at what thickness these complications might become dominant.
Although the utilization of 2D quantum confinement has been proposed to engineer the DOS and the power factor in the quantum well thermoelectric materials, the critical condition associated with threshold thickness for realizing these benefits in 2D materials is somewhat ambiguous 9, 10 . To clearly identify the critical condition for drastically enhancing power factor in the 2D materials at a specific temperature, the role of thermal de Broglie wavelength ξ cannot be ignored in the thermoelectric theory as proposed before 11, 12 To quantitatively analyze the effect of quantum effects on PF, we present the PF value as a function of h0/ξ for three carrier densities in Figure 5 . Note that the main goal of Eq. (1) used here is to demonstrate a strong h0/ξ dependence of the power factor PF.
However, the Eq. (1) depends on the carrier mobility and it is inappropriate to use Eq. K -2 at h0/ξ = 2.6 and n =1.9×10 12 cm -2 . As mentioned above, the power factor is enhanced by dimensional reduction due to a decoupling of conductivity and thermopower for inplane transport. This is also corroborated by the recent experiments regarding the thermoelectric power factor of 2D electron gas 46, 47 . The substantial enhancement of the PF within the regime of h0/ξ ≤ 1 indicates that the parameter h0/ξ plays an important role in optimizing the power factor and should be considered for designing the highperformance thermoelectric devices in the future. We note that the thermoelectric power factor enhancement upon the quantum confinement was recently reported in the 2D electron material SrTi1-xNbxO3 system 47 , which was synthesized by pulsed laser deposition technique on insulating substrate. Compared to the non-layered SrTi1-xNbxO3 material, the 2D layered structure materials such as InSe herein may offer a more advantageous platform for precisely exploring the improved thermoelectric power factor in relation to the quantum confinement in the low-dimensional system, due to the high-quality samples with controllable, uniform and continuously-varying thickness and gate-tunable carrier density.
Bulk indium selenide compounds, such as In4Se3-δ and InSe/In4Se3 composites, have good thermoelectric performance, which is achieved by chemical doping and manipulation of the thermal conductivity 26, 27 . Compared to these bulk compounds, better control over carrier density and quantum confinement in 2D InSe can be achieved to realize the higher power factor in 2D InSe materials at room temperature. Besides, we also note that the thermal conductivity of 2D InSe is low and perhaps may be further reduced by using strategies similar to bulk. Combining the enhanced power factor and the low thermal conductivity, 2D InSe-based thermoelectric devices are highly promising.
In summary, we investigate quantum confinement for enhancing the thermoelectric performance of 2D InSe thin films through experimental measurements and firstprinciples calculations. We observe a substantial enhancement of the Seebeck coefficient and the power factor by reducing well-controlled film thickness and modulating electron density by electrostatic gating. At room temperature, the maximum magnitude of Seebeck coefficient reaches ~570 μV/K in the 7 nm thick InSe film, much higher than the value reported of bulk samples. Based on the ab initio calculations and the Boltzmann transport theory, we ascribe the enhancement of the Seebeck coefficient to the increasingly strong quantum confinement in the thinner films. More importantly, we experimentally identify the key role of the ratio between the quantum confinement length and the thermal de Broglie wavelength, a previously-overlooked parameter, in optimizing the power factor of thermoelectric materials. Our results demonstrate a promising path for enhancing the power factor and thus thermoelectric performance of 2D materials and may pave the way towards utilizing 2D materials in practical thermoelectric devices.
Methods

Materials and devices
InSe and hBN flakes were mechanically exfoliated onto PDMS and 285-nm-thick SiO2 After the fabrication of thermoelectric devices, InSe thermoelectric devices were annealed in a pure argon atmosphere at T = 270 ℃ for 3 hours to remove polymer residues.
Transport measurements
All the electronic and thermoelectric transport measurements were carried out in an 
Electronic properties of InSe with various thickness
Electronic structures of bulk and multiple-layers InSe were calculated based on densityfunctional theory (DFT) and the projector augmented wave method 48 which was applied to all the calculations presented in the paper.
Boltzmann transport theory
In the Boltzmann transport theory, Seebeck coefficient can be given as Eigen energies at 5000 k points on a non-shifted mesh in the irreducible Brillouin zone were calculated to evaluate Seebeck coefficient through the BoltzTraP code 40 . This takes into account the effects of non-parabolicity and anisotropy of bands, multiple minima and multiple bands, etc. on thermoelectric transport.
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